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ABSTRACT

Results of the in-fhight  calibration  and  performance  evaluation  campaign for the
TOPEX/Poscidon Microwave Radiometer (TTMR) are presented. Intercomparisons are inade
between TMRO and  various sources of  ground  truth, including  ground  based microwave
water  vapor  radiometers,  radiosondes,  global  climnatological  models,  SSM/I data over
the  Amazon rain forest, and models o clear, calin, sub-poler ocean  regions. After
correcting for  pre-flight crrors in the  processing of  thermal/vacuum  data,  relative
chammel offsets in the open ocean TMR brightness temperatures were noted  at the =] K
Jovel for the three PMR O frequencies. Targer absolute ofisets of 60 K over the rain
Torest  indicated  a +53%  eain crror in the  three  channel  calibrations, This  waos
corrected by adjusting the antenna patiern correction (APCY  aloorithin, A 10%  seale
cirorin the TMRO path delay  ostimotes,  relative o coineident radiosondes,  was
corrected in part by the APC adjustment and in part by a 56 modification 1o the valoe
assumed  for the 22235 GlHz o owater vapor line stiength in the path delay  retvieval
aleorithim, Afterall in-flight  corections to o the  calibration,  PMIR refriceval
accuracy for the  wet tropospheric rwnge  corection is o estimated at 0.0-1.6° cim RMS

with consistent performance under clear, clondy, aud windy conditions,

]

L Infroduction

The TOPEX/Poscidon (1/P) satellite is a joint venture by NASA and the Yrench
space agency CNES which is designed o produce global snaps o occan swisce topology
(Stewart et al., 1986). 1t was Jaunched on August 10, 1992 and begin opesational
data taking on September 23, 19920 The primary instruments on the satellite are two
radar  altimeters. The TOPEX/Poscidon Microwave  Radiometer  (TVIR) is dacloded  to
monitor and  correet for  the  clectrical  range  delay  (henceforth refered  to as parh
delay) of the altimeter radar signal due to water vapor and cloud Jiguid water in the

troposphere. In-flight calibration  of the TMR is based  on inteicomparison  studics

o
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between  TMR O date acquired  during  the  first six months of operation  and  various
sources  of  “ground truth” which were measured  or modelee during  satellite  overpasses
of sclected  ground  sites. The results of  those intercomparison  studies  are presented
here,

TMR s a modified version of  the Scanuning Multichaniel Microwave  Radiometer
(SMMR) which flew on ScaSat and Nimbus-7 (Swanson and Riley, 1980).  TMR  was
restricted to - operate at 18, 21 and 37 Gllz and only in o nadic viewing  direction,
which is co-ahgned  with  the  radaer oltimeters,  in order to accommodate  the  1/P
NSSTON Tequirements, The main antenna is o partally  offset parabolic  reflector
with o projected  aperture o 79 ¢, This results in o footprint  diameter on the

eround of” A3 30,40 and 229 Ton gl 18, 21 and 37 Gz, respectively. By comparison,

the altmeter footprint s approximately 30 ki in diameter. TMR O operating
characteristics  are summarized o Pable A block dinsram of  the  instrament s
shown in Fieure 1. Note in o the figure  that antenna emperature calibsation 3

performed by alternately  switching  the input o the  radiometer,  which s novmaltly
connected  to the main antenna, either to o smaller antenna pointed  into - cold SPACe  or
o an interpal matched Toad at approximately 290 K. This approach is similor (o that
used by SMMR,

The conversion of raw TMR data into path delay corections can be  broken into

three  distinet  steps. The raw dat is first converied into antenna temperatures by
the  calibration  procedore  described  above. This  antenna temperature  calibration
corcects for drifts in the radiometer gain and bias (Ruf er al.,,  1993). sSecondly,

the antenna temperatures  are corrected  for o contributions {rom the  sidelobes  of  the
antenna - radiation  pattern by - a procedure  referred  to o as antenna pattern correction
(Janssen er al., 1993).  The pereentige of power received by the antenna from its on-

PFarth  and  off-Harth  sidelobes  is detesmined  {from  mceasurcments of  the  radiation

w
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pattern ona far ficld antenna range prior to launch. Phese fractional powess,  when
combined with estimates  off the mean on- and  off Harth - brightness  termiperatures,  are
sublteacted  from  the  antenna temperature,  resulting in the  brightness  temporature
referred  to the  antenna main - beoam. This  brightness  temperature  calibration s
cffectively a0 pain and  bias  comection to the  antenna temperature, Thirdly,
brightness  temperatures at the  three TMR O frequencies are converted  to - path  delay
estimates by o path delay  retrieval  algorithne (Keibme er ol 1993), The  retvicval
essentially inverts  the integral  equation ol radiative  tansfer to extract  the  water
content of the atmosphere from the measored cmissive effeets of the water. "The  water
contentis o then related o the  path delay by dts refractive  properiies.
Uncertaintios ine the  strength ol the  water vapor  absorption Jine  cenfered  at 272,235
Gliz, on owhich the cmissive belavior of the water depends,  introduces  on uncertaingy
into the “eain” ol the path delay releieval aloorithm,

Becavse ol three  of  the  datu processing  steps deseribed  above  are essentially
Jincar  operations,  cain crrors in the  antenna and - brightness temperature calibration
will affect  the  fmal path delay  estimates in the same way  as  the  fine  steength
uncertainty. similarly,  biases  in the  calibrated  brightness  temperatores may  be due
to cirors in either the antenna or the brightness  temperature  calibration procedures,
The in-flight  calibration  deseribed  below  estimates the  gain and bias crrors  through
intercomparisons  with - varions  souwrces  of  ground  truth, An attlempt s also made  to
identify  the  sources  of  these  crrors,  so o that  the  proper  step  in the  calibration
procedure con be  adjusted accordingly. The intent  of this approach is to  produce
both  accurate path  delay  corrections,  for use by the radar  altmeters, and  accurate
briohiness temperatures, for uwse in related  rescacch  arcas. Possible  wvses  for  well
calibrated  nadiv viewing  brightness  temperatwes  include  studies  of two  vs. three

frequency  pathe delay  retieval  algorithims, refinements to the model  for sca  surface
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excess emissivity  as a Tunction of  wind  speed, and  corrections to the water vapo
line strength,

This paper s divided into  six  scctions, In section 11, the sensitivity  of  the
antenna temperature - calibration to - varying  therinal  envitomments  is  evaluated. This
issuc had a  significant  negative  bopact  on the  SMMR periormance,  and  the
cifectiveness  of several modifications 1o MR, which  woe  made  based on  lessons
learned  fronr SMMR, s assessed. Section 11 reviews  the various  sources of eround
uth data used o this study., Included are  goound  based  microwave  waler

radiometer (WVR) auc radiosonde measurcinents, climatological

nodel  data,

vapor

IMSP SSM/I

datiover the Amazon rain fores(, and o clerence brightness temperature model Tor

clear, calm, subpolar occan rogions, Seetion IV deseribes  the changes  which  were

antenna and - brightness temperature calibration Hrocedures (0 comect for

due 1o instioment  efloc Secetion VY deseribes chinges

which were made in the path delay  retddeval algorithin (0 correct Tor seale crrors due

0 water vapor uncer aintics, Scction VI concludes  with an overal

assessment ol the accuraey  of the brightness temperature and — path delay  estimates
produced by TMR,

fastrament Phermal Pecformance

SMMR calibration was adversely alfected by Jurge  temperatare variations in - the

cole sky wavegnide and anwenna and 0 e nain antenna feed  (Francis, 1987, Milman

and  Wiheit  985). A number of modifications to SMMR  were made 10 educe tle

SCHS] o the  anlenna temparature calibration t00 the on-orbit thermal

cavironment,  Polysty ene radomes were placed in cont of both the main antenna feed

ik To cold awomaneuvars of the spececralt were incorported into he

operationa orbit to keep TMR on the shade side of the satellite.  The cold sky horns
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were also positioned  on the Instrument so as to minimize  exposure to direct sunlight,
naddition, pre-flight  calibration  of  the  models  vsed to correct for the  cmissive
and absorptive effects of the radiometer hardware  was more extensive in the case of
TMR. A detailed deseription of the TMR hardware modifications and of the changes in
the pro-flight calibration are given by Ruf o1 al. (1993),

A time series of the physical temperatire of TMR during the first 6 months of
flicht s shown v Pieure 200 Phis tempaeratore sensor s located in the heart of  the
microwave clectronics subsystern for the primary 21 Glz channel, and represents a good
estimate  of  the  overall  temperature of  the  ovitical electronics, lixtensive  pre-
fheht porformance  evaluations of TMR were conducted  over the range 5-45 C. Sccond
order nondincer  instroment response was o noted ot that tme  which  vairded  with the
physical temperature  of  the  nstrument. Phese coffects were modelled i the  antenna
imperature  calibration procedureand nake the quality of the calibradon slighdy
dependent on the operating temperstore of the fustrnnent (Rul er al, 1993),  The ine
flight temperatures are seen o lie comiortably within the pre flight test range,

Francis  (1987)  showed that e nost significant temperature induced  depradation
in SMMR porformance occurred  during the  shade-to-sun transition of  each  orbit.
Pieure 3a shows a - 0015 K/s variation i the winpeviture of the SMMR antenna feed
during  this  time, I contrast, figwe 3b shows @ - 0.001K/s  temperatwie variation for
TMR  during  the same transition period. This large reduction in the coupling between
incident  solar radiation  and  Instioment temperature s due primarily w00 the

incorporation ol radomes over the antennas (Finn, 1992),

L Groosd Proth Database
Water Vapor Radiometers

Ground  based  microwave  water vapor radiomceters (WVRs) were  deployed on the

()
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islands of  Tampedusa,  Ialy  (35.57N, 12,5715, Chichi Jima, Japan  (27.08N, 142.181)
and  Norfolk, Australin (29.03S, 167.931) and on the oil platform Harvest  (34.47N,
2303210, 11 ki from  the  California  coastline. These  sites  all lie near  the
satellite ground track.  The WVRs deployed at Lampedusa and Harvest operate at 20.7,
22,2, and 314 GHz. The single WVR deployed first at Chichi Jima and then at Norfolk
operates  at 20077 and 314 Gllz AV three WVYRs achicve  an absolute  calibration
accuracy in their brightness  emperdature measwrements  of  approxtmstely 0.5 Ko (Keihim,
1991). This  corresponds  to an accuracy  in the  retrieval  of - path delay  of
approximately 025 cm o doe to dustrument offects alone.

Pampedusa and Tavest wre the primary - altimeter validation sites for CNES n‘n(l
NASA, respectively. Both  sites e near a0 crossover point between  ascending and
descending nodes ol the T/ orbit and thus accumulote tvo near overpasses during cach
9.9 day repeat cyele, WVRs were deployed there in part o calibrate TMR and in pani
to assistowith the  atmospheric conections during the  altimeter  intercomparisons.
For these reasons, the Lampedosa and Jharvest WYRs have remained in the field and are
cxpected  to continue monitoring cach  overpass for the dife ol the  mission, Norfolk
and  Chicht Jima were selected  as additional temporavy . WVR sites exclusively  for
comparison with the T™R. Norfolk Jies 29 ki from on ascending node erovnd track and
Chichi Jima lics 33 ki from an ascending and 50 km from o descending node, A single
WVR was deployed first at Chichi Jima during September of 1997, then relocated 1o
Norfolk for comparisons throvgh November 15, 19920 Duiing this time, intercomparison
data were  obtained  for twelve  overpasses. OF this data, cleven  overpasses  occurred
under cloud fice and light wind (< 7 m/s) conditions,

WVR  intercomparisons  with the TMR were made primarily  between brightoess
temperatwres,  since  this  is the  direet  measurement  made by the WVRs  wnd  the

comparisons arc unaffected by assomptions made regarding the  vapor  absorption  linc
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strength. Clear, calm  conditions  were  preferred  in the  intercomparison — analysis
since  cloud effects arc highly  variable  spatially, and  windy conditions  introduce  an
added uncertainty nto the  estimate of  the  occan  surface  contribution to the 'TMR
brightness temperatures. Zenith brightness temperatures measured by the WVR 207 Gl
chaimel rvanged over 12-52 K for the cJear, calin data, corresponding to a variation in
path delay of 4-24 co. Trom the WVR data, en estimate can be made of the coincident
brightness  temperature  as seen by MR, This estimate  utilizes  a well-constrained
model for the  water vapor lne  shape and  takes into account the  temperature  and

cmissivity ol the occan surface. The "TMIR brightness temperature. can be expressed as

'l‘}’)'l'MR : %"J'SC' C THUP i ('I'HJ)N i 'J‘(j(‘fl‘\)(] - f,'.)'(,‘,"‘u (])

where v is the cabn water cmissivity, Tq s the sea swrfuce temperstuve in K, 4 s
the atmospheric opacity, TByp and TBpyN are the upwelling and downwelling components
ol the atmospheric cmission, and Teods the cosmic backeromnd  brichiness wmperatutc,
The WYR measurcinents can be used o predict @, T3 yp, and Ty at the TMR Hicquencies,

Based on regression fits to computations from a four year Bernuda  radiosonde  data

tpg o 00113 0 0.00076TBywvoy + 0.00008THyw vy + 0.001321BywyRr3y 4 0.000051T4  (2)
11 = L0688 1 0.00283TBywypoy + 0.001427T By yroy 4 0.00060TRyw vy 4 0.000297 A

Ty = 0.0546 4 0.00034TBywyRro 1 1 0.00018TBwyRoo -+ 0.00420TByw vz + 0.000077 5

TBUp1g = -2.830 1 08327 Bywyrot - 0.0338TBywyoo 4+ 0AAIE TRy yRr3p -+ 0.00297 4 (©)]
TBUpop = -1.840 1 1.0492TBwyRrog + 0.000718BwvyRop - 0.1265TBw yp3q - 0.00047A

TByp3y = 2.806 - 0.1362TBywvypRo1 + 0.0351TRBwyRop 4 1.21431TByw 3y - 0.00907 4

8
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where TA is the surface air temperature in K and EBWYRnn Is he WVR measurement

N

frequency nn (= 21 for 207 Gz, o = 22 for 229 G bz, and nn =2 31 for 31.4 G 12)

The residual RMS  crrors in cquation 2 are 0.0004,  0.0023, and  0.0011 for the

20 ond 37 Glle e N oInequation 3 oare 0,041,

redicted TMR O opacities 4

0.056, and 0.070 K for the predicted 'TMR By values. By equating TBHN and TByp
(accurate 1o 0.1-0.2 K), and using sie measurements or T and TaA, WVR predicted TMR

brightness tempera ures

were computed for cach  ground  site Overpass  using - cquations

3, The dominant uncertainty  in the prediction is due to  the uncertainty in the

calir sea emissivity € Hhis issue s discussed in he Ol lowing sections,

o

Reddiosondes

Fifteen  radiosonde  Jaunch  sites were identificd  which  lie  ne:

©othe AP pround
track and fron  which weather balloons  are eencrally Taunched  twice daily at 1100 and

2300 UTC They we isted in lable 2, along with the mean path delay at each siw

-

aring the first six months of the 1/P mission. ndividual path delays  during  cach

overnass varied over he ranee cni,oroviding o wide apee o0 eonditions for the

mtercomparison, Sinee  athdelay  estimates derived rom the  raw  radiosonde

measurements - have  the Jeas  sensitivity (o modeling crrors (as opposed o brightness

tenperature - estimates computed — using the

quation  of radiative transfer),  hey  will

e compared directly (o the path delay etrieved by TMR.  Also inchuded in Table 2 is

the distance from  the Taunch  site 1o the  satellite ground  track at the  point  of
closest  approach. Sinee: I/P 0 operates inoa non-sun synchronous orbit, the  time
difference  between  balloon launch and 32?_%?::.:,\::_._‘:_.:‘_J\ﬁ:x:,:v::x_s<§.

0-6° hours.  Overpasses for which a Jaunch  did not occur withink 6 hours  were  not

mcluded i this database.

9
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were used o ddentify regions of the Amazon rain forest which could be a ssumed 1o be

approxinate  black  body  targets. This was  done by requiring  that  there  be  a
sulficiently  small  difference between the vertically  and  horizontally  polarized
brightuess  tecmperatures, Average  SSM/L brightness  temperatures over  these regions
were thencompared o the average TMR brightness  temperatures.  SSM/L estimates of
integ cted water vapor over the open occan were  not intercompared  with TMR  Hatl

10
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delays due to the unacceptably large temporal  deconclation of the path  delay  ficlds
between the two data sets.

Intercomparisons  of  SSM/1 with MR concentrated  on - days 278-290 of 1992, A
number of SSM/1 passes in the region of the Amazon rain forest were cexamined. 1t was

. . . o o .
found that o signilicant pereentage of the data Jying  within 0-10° south  latitude  and

L0

GO-70°  west longitude  had  Titile  polarization signature, Specifically,  ascending
passes were examined on day 781 at 01:03-01:09 UTC (corresponding o 0-108, 61.3-

63.6W) and day 287 at 01:16-01:22 UTC (0-10S, 6:4.4.66.7W).  Descending passes were
examined on day 282 at 13:09-13:15 UTC (0-105, 6414-66.0W) and day 285 at 13:15-13:22
UTC (0-105,  66.0-05.0W). Al points were extracted  for which  the  vertical  and
hotizontal  brightoess  temperatures at 195 and 37.0° Gile differed by dess than 1.0 K,
The results are suminarized i Table 3,

A small incrcase in the mcan brightuess temperature is o evident from night (o
day, but no  cnouph o be explained  sihmply by the  typicol  day  and  night  air
temperatures o the yegion. borexample, (e mean daily  high (day  time) and Jow
(nicht  Umie)  swdace air epeiatures a0 Manoos, Braal o ¢ 05, 00W)  lor Augnst-
December are 306 and 297 K, respectively  (National Geographie, 1990),  The effective
radiating temperature  of  the rain forest is appaently  lower,  relative  to o the  swiface
air temperature,  during the day than it ds ot night, This can be explained by the
increase  in altitude  during  the  day  (nd,  hence,  the  decrcase  in temperature)  of  a

signilicant fraction of the atmospherne absorption,

Reference Models
Two anodels weie covdoped o0 estimate e hottest and - coldest brightness
tciperatores  which TMR was expected o cencounter in-flight. The hot model is the

Amazon roin forest  discussed  above. Regions  of  the rain forest  with  essentially

i
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wnity  cmissivity  were identified  using SSM/T data, The expected TMR - brightness
temperatures in these regions can be  expected o be slightly  lower than the SSM/I
values sinee  the atmosphere s more  transparent along IMR’s nadir path and the land
ciission s Jess completely aticnuated.

The coldest brightness  temperatures  which TMR O is expecled 1o encounter  occur
over open occan in the  sub-polar regions  under  clear,  calin conditions. Sub-polar
Jocates  typically  provide  the  Jowest  atmospheric  water vapor  content. Clear
conditions  yemove  any  emissive  contributions from - clouds,  and  calm conditions
minimize the excess  emissivity  generated by ocean surface roughness  and  foaming.,
Fortnitously,  the  coldest brightness temperatores ae also the casiest to model
accurately. MR Drightness emperateres were simulated for (ypical  sub polar
conditions using a number of guidelines. the  atnospheric  dependence was estimated
using o four  year archive  of  radiosonde profiles from o St Paul Island (572N,
F70.2W), The  surface  cmissivity ol the  ocean was modeled  using the  Tesnel
reflecion  coefficient  and incloding sea swfuce salinity  and  temperatore effects on
the  complex  diclectiie constont of e wetor (Gl and Swity, 1978). Sca surface
temperature as a - function  of latitude  was devived  from regression fits to - global
AVIIRR/2 maps of the occan during September and Octobey 1987 (Malpern et al., 1992).
These months were chosen to cotncide with the time of MR intercomparison.  Results
of the regression fit follow

Tg = 274 4 0.6500 - LATY  for southern Jatitudes (1)
T oo 280 4 04700 - LAY for northern latitudes

where T'g s the sca surface temperatwre in Koand LAT is the (positive) latitude in

deg. Hquation 4 is valid over the gvaape A0 = PAT < 60, Clear, cole Lrighiness

|2

s
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temperatures  were  computed  with variable 7q for the range of  atmospheric  conditions
determined by the St Paul Island  archive. These  brightness  temperatures (TBfT at
frequency 11 Glz) were  then regressed  against the  path  delay (\]’1)) associated  with
cach radiosonde  profile and against the assummed  sca surface  temperature, 1. The

results Tollow

TBIS = 122,53 4 0.6525PD - 01765 g (5)
TR21 = 126,90 4 2.155%PD - 0.245%1g

TR37 = 15453 4 0.7535%PD - 0.509%1'q

where PD s inounits of amoand T i units of Co The RMS residual crror botween the
truc brightness  temperatures and - those predicted by the  epression fits was < 0.5 K
at all frequencies over the range of conditions 0 < PD <7 e ond 0% Fg <7 15 €0 The
lowest  brightness  temperatores, associated  with the Jowest path delays estimated by
TMR O (typically  2-3 cm), should cormespond  with the  volues  predicted by cquation 5.
This check is useful becavse the TMR path delay retieval algorition tends to - produce
meaningful - Gdgorithin crrors < 1 oem)  path delay  estimates even when there s a
substantial  bias in the  brightness  temperatures,  provided  the  bios s appoximately
common to all three frequencies (Keihim e ol 1993). "Thus, satisfactory  path delay
intercomparisons  alone  cannot  necessarily  guarantee accurate brightness  temperature
calibration, e should also be noted  that  uncertvinties  in the  water vapor  line
strength - will - have  only  a minimal  cffect  on the  accuracy  of  the  brightness
temperatuwres oredicted by equation 50 FHrrors in the line strengthy amount  to relative
crrors in the component of the brightness temperature due o the water vapor.  Thaus,
for a condition of P - 7 ¢, uncertnty in the line strength at the 5% level  will

result in TB model ervors of only = 0.2, 0.8, and 0.5 K st 18, 21, and 37 Glis

13
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V. Corrections to Instrument Calibration

Bias Correction

Initial - intercompar sons between  'I'MR and the  various  sources  of ground truth

immediately  after aunch indicated very - Jaree biases (612 K over  the  three

frequencices) i

vothe brightness  temperatures, The  biases  were gencrally  consistent

dsing cach of the sowrces of  sround  tratlh, For example,  the  Towest brightness

temperatures measured by TMR (in the sub-polar regions) were 6- 20 Ko lower than the
] ) Y

towest physica ly  possible values, as  detennined fron  cquation

Fikewlse, WVR-

predicted TMR S brightness  temerainies somewhat higher Jevels were also 6-12 K

4~ -~

dbove those measured by TMR hesource of @ significant portion of the bias  was

identificd  as processing crrors in o the pre-tlight  thermal/vacoum  (17V)  data analysis,

wo o problems o with the original reductio of  the 1/V  daty were  conreceted., The

thermistor - calibration coefficients  used (0 easure the temperature of - he  cold  sky

calibration  horn target  were  incorrect, Using  the  correct  coefficients  raised  the

cold sky target temperature by several degrees but did  not

<

account for the Ja-ge

biases in the in-flight brightness temperatures. However,  his

comrection has  bee

i

wade in the revised  processing reported e, weoof the 1Y data, which was used

o calibrate be instrument’s sensitivity to the  cold shy brightness  temperatore,  wa

found to be unusable  due o laree emperature

Le

radients  present in the  cold sky

rpel. Ihis problem was determined 0 be  accountable  for almost - all of  the  bias

{

xcc:E:_c*,_:,.,E%:m“::%_osi.o_:_c»,_:o range of  brightness  temperatores. |
vascomected by identifying other 17V data taken when the cold sky target was al a
stable temperature,

TV data processing requires that a number of free parmneters, associated  with

the Josses  and  reflections  in the on-board ITMR  calibration hardware, be  estimated
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using a mult-hnear vegression fit to T/V data taken wnder a wide range of  operating
temperatures  and  temperature  gradients (Rul ef al., [993). A useful figure of merit
for the regression  fit is the RMS  residual  crror between  the  antenna  temperature
measured by TMR and  the physical temperature of - a target absor b er placed over the
feed horn of the radiomceter. With the revised 1/V processing, the RMS error is 0.24,
0.24 and 0.19 K at 18, 21, and 37 GHz  This represents the accuracy of the antenna
tomperature calibriation algovitin for tracking variations  in temperature of the
absorber  target. It docsn’t necessartly  measure the  overall  accuracy ol the  antenna
terperature calibration in-thight, Small errors can be expected  to o result from such
cifects as  backlobe  contributions  to the  antenna deed,  non-unity  emissivity  of - the
absotber  torpet,  and  differences between the  arithmetic average of  the  temperature
sensorsanstalled  in the absorber and the beameaveraged  effective radiating
tempoature of the absorber. Tt s these crrors which  the n-flight comparisons e
ttended ) coeel
After revision of the T/V processing,  binses in the 'TMR brightuess  temperatuies,
as inferred from the WVR data, wese reduced to 40.60 K (FMR Jow), -0/ X (I'MR high),
and -0 KO (MR high) at 18, 21, and 37 Gliv. These values are derived fromn the
average of 17 overpasses of  WVYR sites for which the skies were clear, the winds were
7 wmfs, and  horizontal vanations i the TMROTB measurements  were minimal, A
scatter plot of  the intercomparison  datw between  the WVR-predicted  TMR - brightiess
temperature and  the TMR O data itseli” (prior 1o the final  goine correction) is shown in
Pigure A These  biases have  been  incorporated  into the  antenina  temperature
calibration  algorithim as constant ofisets. Their  significance  pertaing o the
relative  chamnel-to-channel  corrections which  most directly  impact  the  path delay
retrieval algorithm, The derived  individual - channel  absolute  offsets  are uncetiain

to a level of a few Kelvin due o uncertainty in the cffective emissivity of the calm
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sea.  The derived relative offsets, however, arc much less affected by the emissivity
modeling  uncertainty. Application  of  the  final  instrument  gain corrections
(described i the Jollowing  section)  yiclds  TMR brightness  temperatures  which  are
clevated  2-3 K above the calim sea model predictions.  ‘The authors  conjecture  that
this may be due not to crors o TMR calibration, Hut yather to a deficiency in the
model wused for the occan surface  emissivity,  The  ocean  surface is modeled as a
perfect  diclectric hall space,  with cmdssivity  det nmined  solely by the  Fresnel
reflection  charaeteristics ot the  interface. There 1s some  evidence  that  the  truce
occan  surface  cmssivity never drops down all the way o the ideal Tresnel condition,
cven under calm owind,  “plassy”, condivons  (Stogryn,  1907; Bespalova et al, 1981;
Gaydinskiy et al.,  T988). fn addition,  inconsistencics have  been noted  between
vinious  models for the  dependence  of the  diclectric constant of  occan  water  on
temperatre and - salinity (Wentz, 1992), These dssues all point o an uncertainty  in
ihe cohin woter ‘.v;u';’t?,i\‘jg,f Giodre e e coald ncconnl o e 220 % di&cwp:il\ﬁy‘
observed here. Constraints o the calm sea emissivity, based on TMR/WVR comparisons,
will  be explained  further using @ full year of ground  truth data (Keihm and  Ruf,

1993

Gain Correciion

A significant gain o eror was dndicated byl pertinent souvrces of ground  truth,
These sources can be divided into two  classes, path delay  and brightness  temperature
measurenments.  Cowparisons between TMR and cither he radiosonde or the HCMWI data
revealed  relative crrors in path deloy  off = 10% These  crrors incrcased  with
increasing, path delay, with TMR O estimates of path delay  becoming  increasingly  low.
Scatter plots off TMR path delay against radiosonde and FCMWLE path delay  with  this

relative error are shown in figure 5. As noted above, possible causes of path  delay

¥¢
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relative  crrors  include  both  water vapor  line  strength errors and instrument
calibration gain errors.

The instrument gain crror component was  determined by evoluation ol the highest
TMR - brightness  temperatures, at - which  pain - cirors have  the  largest  effect.
Comparisons  between the Amazon rain forest black body  SSM/I brightness  temperatures
and the TMR measured brightness temperatures were made by averaging TMR data into
cight bins.  The TMR data over days 278-290 of 1997 were separated into Tour Tatitude
and longitnde regions: 1) 0-58, 05-70W; 2) 5-10S, 65-70W; 3) 0-55, 60-65W; and 4) 5-

105,

GO-OSW.  Data over cach recion was additionetly  separated inio day (06:00-18:00
Jocal  time) and  night  (18:00-00:00  Tocal  (ime)  overpasses. The  brightness
enmperature measurements over cach binare summarized n Table 40 The  differential
polarization  technique used  to identify  black body  regions ol the  rain forest  with
the SSM/I data cannot be used here since VIR operates with o single polarization and
i the nadir divection  wb cwbich e Losd o cindssion i onpodaniecd, Flowever,  the
stondard  deviation  of  the  TMR O Dbriehtness  temperatires over  cach bin gives  some
indication  of  Jand  contamination,  since  nost variability  in the  brightness
temperature can be assumed to come from the swiface.  Por this reason,  the (5-108,
65 70W) region in Table 4 is judeed to be most uniformly  black bedy in bebavior,
Jurthermore,  the  standard  deviations  at night tend  to o be approximately  cqual (o o
Jess  than  those in the day for all four regions, This con be cexplained as a
corollary  to  the day/might discussion  given  above  segarding  the  SSM/L rain forest
data, for which the effective radiating temperatore  of  the atmosphere is more  closely
coupled  to the  swlace  air temperatore  during the  night In the case of TMR
measurcments, the night time air can be regarded as Jess variable over the ranges  of
latitude and longitude considered.  For these reasons,  the  (5-10S,  65-70W) uight  thme

data will be used as the TMR point of comparison with the SSM/I data,
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Comparisons between the specified averaged TMR and SSM/L rain forest data reveal
offsets of 9.0, 8.5, and 6.1 K (I'MR low) at 18, 21, and 37 Glz.  (ilere, we have
assumed  that the  18/19.3 and 21/22.2 brightness  temperatures  are  cqual,  since  the
near unity  emissivity of the rain forest allows  the  water vapor  absosption  spectrom
to have only a weak effect on the brightness temperature.)  Using the sub-polar model
intercomparison as a  tic point for  the MR gain calibration, this  indicates  an
instrument gain error of 5.6. 530 and 4.6% at 18, 21, and 37 Gz, Scveral points of
qualification should  be poted  regarding  this analysis. The  sub-polar model  tic point
is based onoan ideal Fresnel condition at the occan swface and so may ba in evor by
-3 K, as noted  above, The assumed  cquivadence  of  SSM/E and MR rain forest
measureinents  may o not o be o exact  osinee  the  SSM/I antenna beam tavels thuougeh
signiticantly — more  atmosphere in s ofbnadis orientation. Also,  the  absolute

calibrition ot SSM/I - brightness  temperatwres has  uncertaintics of 43 K, as noied

3

411 -

above, AN o0 these foctoss commbine 1o noke the ot Gaiie forest)  and colit {sub-
polur) calibration points wncertwin at the 35 K Jevel However,  sinee (hese points
are 132164 K apart at the three frequencies,  the  cstimates piven here for
mstrumental el error can o be o conservatively  regarded as  accurate  within
approximately #2.5%.

RN
|

Regarding  the  cause  of the insttument  crrors,  the  very  low  RMS  residuals
remnaining in the T/Votest of  the antenna temperature  calibration snepest that the
brightness  temperature  calibration is @ more  likely  source o the  =5%  pain ciror
The  pre-flight  antenna pattern correction coeflicients,  as  determined  from antenna
range  measurements  of  the TMR sidelobe levels,  diveetly  affect the  gain of  the
mstrument  calibration, The gain is wost sensitive to  the {raction of  ihe utegrated

sidelobes  which  les ofl the Yarth (outside of 55% off nadic). An underestimate  of

this  bewn  fraction  would result inan  overestimate  of  the  instrumnent  sensitivity 1o

18
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changes in brightness  temperature  in o the  nadiv direction,  since  a larger  fraction  of
the  beam would  then be  directed  toward  nadir. The  pre-flight  off-Larth - beam
fractions were cstimated at 0,49, 0.29, and 0.37% at 18, 21, and 37 GHz (Qanssen et
al., 1993), These  values  have  been revised 1o produce the 5% pain corrections
derived above, and to account for approximately hall of the 109 gain crror in path
delay  retrievals. The corrected  off-Parth beam fractions  are 2,03, 2.04, and 1.77%.
The most likely cause of this rise in the integrated  power pattern beyond  the  Eacth
is o lust minute  modification  to the  antenna, made  prior to Janneh  but  after  the
antenna range  measurements  were completed. A full osatellite thermal balance  test in
the 1/V chamber indicated that the thernmal blanketing o 'TMR was inﬁd(:mmtc. Thermal

Dlenkets  were  added  around  the  collar contiining the  main reflector’s multifrequency

leed. These  Dlankets  altered  the  aperture field  distribution because  the main
retlector is only  partially  offset. The  blankets  also probably  increased  the
seatloring of enerpy  dnio the S sidclobes ol the cndcnon pation, Ve every

reasonable  effort  was nade (o conforme the  blankets as closely  as possible o the

existing feed  collar,  the incrcase  in power  scattered  into the  Jar sidelobes is not

unexpected,

V. Corrections to Patlh Delay Algorithin Hine Strengih Model
The remaining 5% rclative path delay ervor between TMR and  the radiosonde  and
FCMWIE  ground  truth  was  courccted by adjusting  the  strength of  the  water vapor
absorption line.  The pre-launch  absorption model was based on a modilication of the
Piebe and Layton (1987) model which utilizes the Van Vieck-Weiskopf line shape.  the
modification was an 8% incrcase in the model line strength to match comparison  data

'

between radiosondes and WVRs (Keihm, 1992) and to match the only available laboratory

data which measured the 22.235 Gllz absorption feature (Becker and Autler, 1946).  The
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accuracy of  radiosonde  calibration of  the water  vapor  absorption  fcature  has  long
been questioned  due to o uncertainties in the  radiosonde  relative  humidity
measurements, espectally at the high and Jow cnds of  humidity conditions  (Filliot  and
Gaflen,  1991;  Schwarte :111(1'])03\\'(:1], 1991). Resultant estimates of  the  vapor
absorption model accuracy based on radiosonde/WVR comparisons have been in the 5-10%
range.  There s also evidence  of  non-lincaritics in the  absorption vs, vapor  density
relationship  (Hoge and Guiraud, 1979). 1t is therefore  quite plavsible that our pre-
Jaunch model for vapor absorption may be 5% high, producing TMR path delay results
which are 5% low.  We have thercfore revised our absorption model, lowering the line
stiength - by 5%, to climinate the  yemaining  scale  cror indicated by the
TNIR/radiosonde and PMR/BECMWIS comparisons. ‘The resulting model is cquivalent to that
ol Liebe and Layton (1987) with a 3% increase in line stiength,

Hooshould be pointed out that the entire 10%  scale crror apparent in the TMR  vs,
crovd  Grath oot dolny compoaistas cou'd have boon conneivd
the assuned absorption model. However, to produece the best possible TR calibrations
in - terms ol both brightness temperatures  and path delay,  the  correction was  split
cqually  between  the  brightness  temperature  calibration  and  the  path delay  algorithm,
As discussed  previously,  the  =5%  instrument  pain corrections  produce  consistency
between  the TMR and SSM/E brightness temperature measurcinents of  the Amazon rain

forest.

Vi, Conclusions - Assessment of Brightness Temperaiure
and Path Delay Retrieval Accuracies
Brighiness Temperature Accuracy
A quantitative  mceasure - of  the accuracy  of  the MR brightaess  temperature
calibration  can be made by comparison  with  the  coincident  WVR  mcasurements.

Unfortunately, the estimated TMR accoracy can not casily be separated from the 1-3 K
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uncertaintics  in the  calm sca surface  emissivity  nodel, Scatter  plots  of  WVR
inferred  TMR - brightness temperatures  against those mcasured by I'MR, after all the
calibration corrections  have been made, are shown in Figure Ga-¢ for the three TMR
frequencics. The bias between the two data sets is 2.3, 2.9, and 2.2 K, with the TMR
high at 38, 21, and 37  GHz  Similar biases (2.8, 3.1, and 3.1 K) arc obscrved
when comparing the final TMR - calibration to the  sub-polar refercnce  models.  The
success  of  the  revised  H/V cadibration,  instrument  gain corrections,  and  modificd
path delay retrieval algorithm in producing  agreement with both the Amazon  brightness
temperature date and the ground-based path delay  results suggests that the open ocecan
offsets  seen in the  brightness  emperdure compatisons we due 0 o calin sea

compenent  which adds ~0.01 o the faesnel prediction of  the nadir emissivity,  As

discussed  above,  previous  theoretical  and experimental results have  suggested  the
existence  of a small -3 Ko non-specular component  of - the cahm sea nadic flux.
Jiowover, to o the  anthors” Lnowlease,  vo previous  airerait or o sutellite adiometer has
demonstrated  the absolute calibration accuriey  necessary to o definitively  measwre  this
effect.  The TMR data suggeests that the calm sca enhancement is 2-3 K over the 18-37
Gllz frequency  range. This result depends primarily  on the  accuracy  of our SSM/I-
based  model dor the Amazon aoin forest cnission. Assuming  that the  derived  gain
Y e

corrections may be in ciror by up to #32.5%, we estimate the 'TMR open occan brightness

temperature accuracy to be 115 K.

Path Delay Accuracy

The accuracy  of TMR retrievals of path  delay is derived  primarily  from  a
comparison  with  the radiosonde  database. A scatter plot of TMR and radiosonde path
delays is shown in figure 7 after all jostrument  calibration  and  water  vapor  line

strength corrections have  been incorporated  into the ITMR - data processing,. This data
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setincludes  clear, calm weather conditions as  well as  all cloudy and windy cases

experienced  during he first 6 months of the mission. The RMS scatter between {he
two data  Sets is  3.() cn. This  scatter  includes  three  uncorrelated  sources  in
addition to the TMR  crror. The RMS orvor  associated  with individual  radiosonde
soundings is estimated to be 0.8 cm (Alishouse  er al,, 1990). The RMS  spatial

decorrelation between the footprmt averaged TMR path delay and the point measurcinent
made by the radiosonde is estimated  at 2.0 ¢m. This  estimate  is bused  on a
correlation  analysis  of  the  spatial variability  of  the TMR data and  a  determination
ol the  meun  radiosonde- groundtrack  separation, The  RMS  temporal  decorrelation
Letween the time of MR overpass and the nearest radiosonde launch has been estimated
at 13220 amne This estimate asswes that spatial - and temporal  decorrclation can be
refated by the  horizontal motion o the path delay  field due to wind,  The range
civen depends on the relative  alipmment  of  the  Jocal  wind  vector and  the  satellite
rround back, Thi et i oun Kas ciror for tie TR il aulayreidieval i e
ranee 0,6-1.00 cin. Purther aoffoement of  this TME civor budect would  reguire a
cirelul analysis  of the  temporal  decorrelation  statisties and  3s not planned  at
present.
Paih Delay Sensitivity 1o Clouds and Wind

The  mission  requirements for TMRincluded  the  ability o accurately  retricve
path  delay  under  all cloudy  and  windy  conditions, excluding  rain, This can be
seadily  demonstroted,  since the TMR O retrieval algoritin also estimates  ocean  sutface
wind  speed  and  integrated  cloud  liguid  water content along with cach  path  delay
estimate.  (These  parameters are used  as second  order corrections to  the  path delay
retrieval algorithm itsell (Keithm er al., 1993).) The difference  between  radiosonde

and TMR  path delay s plotied against the wind speed  a nd cloud liquid retrieved by

:.) ,)
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TMR, in figures 8a and 8b. A swmnary of the RMS scatter and mean difference between
the radiosonde and TMR values 1s given in Table 5 for different subsets of the wind
and cloud iquid retricvals.  The figure and  table indicate that the RMS accuracy of
the TMR  path  delay  retrieval  is o relatively  insensitive  to the  cloud  and  wind
conditions, thus  satisfylng the ission  requircincnts, Table 5 also  indicates  that
TMR - path delay s not significantly  biased  under  consistently  windy  or - cloudy
conditions. This as in marked  contrast to  the  path delay  relrieval  performance
predicted  for several  two  frequency  retrieval - alporithins (Kethim er al.,  1993), For
cexample, biases of 225 cm are predicted by Kethin er ol (1993) with o saellite water
vapor radiomcter operating at 21 and 37 GHzounder surfoce wind  speed conditions of
18-28 m/s. The issue of how many (and which) frequencies are needed o vetrieve path
delay  satisfactorily s timely o light of the  current design studies underway  for
TOPEX Tollow On, GEOSAT Follow On 11, the HOS Altimeter radiometer, and the RS-
Follow  Gn radiomzics, The  prexence GF oo bihween o b e oo Precneney icivioval
aleorithing docs not sienificantly inercase  the globel RMS cror i the path delay
retricval,  since  high wind  conditions  happen relatively  infrequently  on a global
scale.  However, such path delay retrieval algorithing,  which are designed (o minimize
global  RMS  crror, can introduce artifacts into the  ocean smface  topology  maps o

isolated regions of the globe over which mean surface winds wre anomalously high,
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TAS E 1 I< R Fogineeving Specifications

FREQUENCY (G1 7) 18 21B kY
HPBW (deg) .56 1.59 0.98
Footprint (k n) 43,4 36.4 3.1 22.9
am Efficiency (%) 01,1 £9.3 87.4 90.5
Integration Time (s) 1.0 1.0 1.0 1.0
Radiometer Noise, AT (€. 0.206 0.27 0.27 0.27
TA Accurncy ()7 0.5/ 0.57 0.5
Pre-flight 1 Accuracy :Cw 0.7 0.74 0.79 0.71
uflight 1y Accu uey (3 [.5 (96} 1.5

NOTES: 1. Channel 218 is o redundant backun channel. Tt was not used during  the

Antenns @emperatuie calibrotion accwrecy  does not include  the  antenn

pattern corrections (Rul’ er al., 1993

Pre-tlight brightness  temperature accuracy sefars o the  predicted  TMR

PEHOTIIANCe,  assuning  representative antenna patiern ncasurcinents (Janssen

al, 1993)0 The addiion of  thermal blankcting  around the antenna feed prior
toHaunch  necessitated  n-flight adjustments 0 the  far sidelobe levels,
whichdntroduced  additional  uncertainties into the  brightness  temperature

calib ution al*o 1 by,
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TABLI 2. Radiosonde Intercomparison Database

Station Name LAT (N) LONI)AVGPD (em) Closest Approach (km)
PORT BILAIR 11.67 92.717 24.5 9.1
JITACTHIONMA 33.10 13978 10.4 40.1
NAZL-ON-AMAMI 28.38 129.50 13.4 14.1
NATIA 26.17 127.40 16.6 19.2/42.6
MINAMIDATTO JIM A 25.83 131.23 11.4 31
CHICITIIMA 27.08 42,18 157 32.8/49.9
MINAMITORISHIMA 2:4.30) 153.97 18.4 9.8

GO UGIHTISLAND 4035 -9.88 12.5 42.5/49.G
MARION ISEAND 688 3787 13.3 5.6

Sri’. PAULISLAND 57.15 17002 6.4 36,1148
SABLILISTA ND 43.95 H0.07 % 1t
BERMUDA IN A} 3207 SO.08 15.0 A3.8JA A
JUILIANA AIRPORT 18.05 63,12 18] 31,8
GRANTT LY ADAMS 13.07 259,48 24.0 15.0/25.2
ANDERSEN AFB GUAM  13.33 144.50 19.2 26,4027

NOTE: Closest approach  values  are distances from satellite ground  track o radiosonde
launch  site. Double  values indicate  that both  ascending and  descending  orbit

nodes come within 100 km of the shwe,
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TABLE 3. SSM/I Blackbody Brightuess Temperatures in Amazon Rain Forest

Day of ycar 1992 l.ocal

time
261 22:00
282 10:12
285 10:18
287 27:19

Average

NOTES: 1.
Gy,
2. See  text

these four passes.

for

T« Mean

193 Gl iz

285.149.0
286.2:11.9
280711723
085.31 1.8

O
/’()".('l

description

4 S1d. dev.,

22.2. GHz,

283.412.3
PRAATTE
28477422
284014 1.8

N
A

of

30

/

)

12

Blackbody condition delined as I'J'HV -

latitude

T

37 Glir

281.142.5
282.80.1.8
283.1142.3
281.6:42.0

3y <
527

3 |
h

and

< 1.0 K

Tongitude

# of points

1506
1722
1883
1571

for both

ranges

193 and 37.0

for

cach

of
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TABLLE 4,

LAT/1LON Day/Night TB: Mean
yange 18 Gliv
0-55, 65-70W  Day 272.914.2

0-55, 65-70W  Night 273.212.6

5108, 65-70W Day 2737508
5108, 65-70W Night 206742
(-55, 60 65W Day 205.2:477 .4
0-55, 60-65W  Night 2721 5.0
5108, 60-65W Day 2733127
5-105, 60-65W Night 215.312.6

MR TBs in Amazon Raiu Forest Before

- Std. dey.
21 GHz

205771°1.0

2071458

2739134

LYV
276.012.2

Gain Corrvection

it of points
37 Glly,

273.514.3
3.0 58

1o
[as

1.4 A7

2137429 93
276.6:143.2 A7

NOTES data extracted from days 278-290 of 992
2. day range is 00:00-18:00  Tocal time; Night ranee s 18:00-06:00 loc:
time,
3. MR brightness  temperatures calibrated assuining mean  on-Harth far

sidelobe brightness temperature of 280 K (Janssen et al., 1993),
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Wind speed

FABLI 5,

November 15 ’

Cloud liquid

1993

TMR Path Delay Sensitivity to Clouds and Wind

(Radiosonde - T™M R Path Dclay)

range (111/s) range (microns) RMS A verage # of samples

ALL ALY 5.00 0.4 268

<8 Al 3.34 0.12 74

815 ALY, 2,63 0.62 15s

>15 AlL 3,01 0.28 36

ALL <50 3.21 0.s3 152

ALL 50-300 2.85 0.02 O]

AL >300 2.00 0.32 22

NOTES: . Wind  speed  and  cloud  lquid are 1 ctrieved  from FMR O brightness
feniporotores by statistical inversion, theabsolute accuracy ol these

retricvals  has not been independently

expected o be  suflicient  to  differentiate

conditions considered here.

ventied,

the

but  thelr peiformance s

general  classes  of  weather

2. RMS and average statistics of the TMR path delay emor are based on the

dota set deseribed in figure 5.
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ITGURES CAPTIONS

Geure | MR unctiona Block: Diagrams. (A) System design and () Typical radiometer

Figure 2. Time scries of IMR instrument temperature dur ng the first 6 months of the
mission.
\ -

deure 3. Time  series of front-end  microwave  components  critical  to the  antenna

temperature  calibration during one orbite. (A) Main reflector feed horn on the Nimbus

7OSMMR for a nunber of different orbits over the course of the mission (from Francis.

957, (B) Teed horn, cold sky (cal) horn, and cal horn waveguide on TMR for onc

shade-to-sun

1

~

typical — orbit. The  Targest temperature  changes  occur during
. . . L0 .o . . L . . o
ransttion inhe orbig, at 0-45 0 echiptic angle for SMMR and at - 60-165 min for TMR.

Temperatwre: changes on ITMR have been greatly reduced by the inclusion of  polystyrene

radon

cs over e fee horn and cold sky horn,

e A seadter plot ol WY R-predicied  vse actual FMR O brightness temperature dita

and  sain corrections m

<

made (o the

—

hetore the

o

Oocalibration but after the 17V

pocessing errors were corrected. The WVR meuasurements of - downwelling  atinospheric

brightness temperatore and  total - atinospheric opacity are used o infer the TMR  data by

including o model for the occon suiface cmissivity.  This is done under cloudless, low

wind (<77 n/s) conditions o minimize model dependent errors.

Figure 5. Scatter plot of independent sources of path delay  measurcments against 'ITMR

derived  pathdelay, with TMR calibration in a state similac to that for ligure 4 (A)

Radiosonde path delay Tor 208 overpasses within 100 km and 6 hours of balloon launch.

dataincludes all clear, calm, cloudy, and windy conditions.  (B) ECMWI path delay

interpolated in time and space 1o coincide with TMR  dato.  Data includes a random

sample o open occan measurements duting days 290-301 of 1992 (171 ¢ycle 3),

dgure 0. Scatter plot of WVR-predicted  vs. acux IMR brightness  temperatures  afler
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~

all calibration corrections wre made.  The 2-3 K offsets can largely be explained by a
small increase in the calm sca emissivity above that of the ideal Tresnel condition,

Figure 7. Scatter plot of TMR against radiosonde path delays for the same data sct
deseribed in figure 5A, but with all the corrections to  the instrument  calibration  and
waler vapor line strength mcorporated into the TMR data processing,

Figure 8. Scatter plot of TMR path delay retricval crror (defined  as radiosonde  path
delay - MR path delay) against TMR retrievals of (A) ocean surface wind speed and (1B)

inteerated cloud Hguid water content,
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TMR V. Radiosonde Path Delay

First 8 montns of mission (N=288)
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